We investigate the Fe, C, N, O, Mg, Al, Si, K, Ca, Ce and Nd abundances of 2283 red giant stars in 31 globular clusters from high-resolution spectra observed in both the northern and southern hemisphere by the SDSS-IV APOGEE-2 survey. This unprecedented homogeneous dataset, largest to date, allows us to discuss the intrinsic Fe spread, the shape and statistics of Al-Mg and N-C anti-correlations as a function of cluster mass, luminosity, age and metallicity for all 31 clusters. We find that the Fe spread does not depend on these parameters within our uncertainties including cluster metallicity, contradicting earlier observations. We do not confirm the metallicity variations previously observed in M22 and NGC 1851. Some clusters show a bimodal Al distribution, while others exhibit a continuous distribution as has been previously reported in the literature. We confirm more than 2 populations in ω Cen and NGC 6752, and find new ones in M79. We discuss the scatter of Al by implementing a correction to the standard chemical evolution of Al in the Milky Way. After correction, its dependence on cluster mass is increased suggesting that the extent of Al enrichment as a function of mass was suppressed before the correction. We observe a turnover in the Mg-Al anti-correlation at very low Mg in ω Cen, similar to the pattern previously reported in M15 and M92. ω Cen may also have a weak K-Mg anti-correlation, and if confirmed, it would be only the third cluster known to show such a pattern.
INTRODUCTION
During most of the 20th century it was believed that globular clusters (GCs) exhibit only one generation of stars. However, detailed photometric and spectroscopic studies of Galactic globular clusters over the past thirty years have revealed great complexity in the elemental abundances of their stars, from the main sequence through to the asymptotic giant branch. Most light elements show star-to-star variations in almost all GCs and these large variations are generally interpreted as the result of chemical feedback from an earlier generation of stars Cohen et al. 2002) , rather than inhomogeneities in the original stellar cloud from which these stars formed. Thus, the current scenario of GC evolution generally assumes that more than one population of stars were formed in each cluster, and the chemical makeup of stars that formed later is polluted by material produced by the first generation.
The origin of the polluting material remains to be established and it has obvious bearings on the timescales for the formation of the cluster itself and its mass budget. Proposed candidate polluters include intermediate mass stars in their asymptotic giant branch (AGB) phase (Ventura et al. 2001) , fast rotating massive stars losing mass during their main sequence phase (Decressin et al. 2007 ), novae (Maccarone & Zurek 2012) , massive binaries (de Mink et al. 2009 ), and supermassive stars (Denissenkov et al. 2014 ). These potential contributions obviously operate on different time scales and require a different amount of stellar mass in the first generation.
In order to constrain these models and to gain an overall understanding of the multiple stellar populations in globular clusters we need comprehensive studies with a relatively complete and unbiased data set. This requires a focused effort by Galactic archaeology surveys to obtain and uniformly analyze spectra for large samples of globular cluster stars across a wide range of metallicity.
There are two main fronts in exploring multiple populations (MPs) in GCs: photometry and spectroscopy. Several larger photometric surveys have been conducted to explore MPs in almost all GCs (e.g., Piotto et al. 2007; Sarajedini et al. 2007; Piotto et al. 2015; Milone et al. 2017; Soto et al. 2017) , using the data from the Hubble Space Telescope achieving unprecedented photometric precision. Using high-resolution spectroscopy the Lick-Texas group (e.g., Sneden et al. 2004 Sneden et al. , 2000 Sneden et al. , 1992 Sneden et al. , 1991 Sneden et al. , 1997 Kraft et al. , 1995 Ivans et al. 2001) conducted the first large survey of northern clusters using three different telescopes and spectrographs. Also using high-resolution spectroscopy Carretta et al. (2009a,b,c) have carried out the first detailed survey of southern clusters with the VLT telescopes, exploring the Na-O and Al-Mg anti-correlations, which are the result of Ne-Na and Mg-Al cycles occurring in the H-burning shell of the first population stars whose nucleosynthetic products were later distributed through the cluster. We refer the reader to Bastian & Lardo (2018) for a complete overview on MPs in GCs.
With the appearance of high spectral resolution sky surveys some of these southern clusters were revisited by the Gaia-ESO survey (Gilmore et al. 2012 ) focusing on the same two element pairs (Pancino et al. 2017 ). The first homogeneous exploration of 10 northern clusters was carried out by Mészáros et al. (2015) , which was updated by Masseron et al. (2019) , both using data from the SDSS-III (Eisenstein et al. 2011 ) Apache Point Observatory Galactic Evolution Experiment (APOGEE) survey. Results for additional clusters observed by APOGEE were published by Schiavon et al. (2017) , Tang et al. (2017), and Fernández-Trincado et al. (2019) .
Its successor, SDSS-IV (Blanton et al. 2017 ) APOGEE-2 (Majewski et al. 2017 ) started in the summer of 2014 and ends in 2020, further expanding the number of observed GCs from the southern hemisphere. Comparison of northern and southern clusters was difficult previously because many observations were carried out with different telescopes and abundance determination techniques that may have systematic errors of their own. The APOGEE survey is the first spectroscopic survey that covers both the northern and southern sky by installing two twin spectrographs, identical in design, on the Sloan 2.5 meter telescope (Gunn et al. 2006 ) at the Apache Point Observatory (APO) and the du Pont 2.5m telescope at Las Campanas Observatory (LCO). In an effort to create the first truly systematic study of the chemical makeup of multiple populations in all GCs, Masseron et al. (2019) reanalyzed the 10 clusters observed from APO with an updated pipeline.
In this paper we discuss 21 new (mostly southern) clusters observed from both LCO and APO by following the same steps of atmospheric parameter and abundance determination as Masseron et al. (2019) and combine them with the 10 northern clusters discussed by Masseron et al. (2019) . Because M12 was observed from both observatories, we use this cluster to check how homogeneous the abundances are from APO and LCO. By combining observations from APO and LCO, we are able to discuss the statistics of Al-Mg and N-C anticorrelations as a function of main cluster parameters in a much larger sample of clusters than was previously possible. Na-O anti-correlation is not included in our study, because Na lines in the H-band are too weak to be observable in almost all of our sample of clusters.
There are various labels used in the literature for stars within GCs that are enriched in He, N, Na, Al and are depleted in O, C and Mg, such as second generation stars and chemically enriched stars. We will use the term second generation/population (SG) stars when referring to stars that have [Al/Fe]>0.3 dex, and first generation/population (FG) when [Al/Fe]<0.3 dex (see Section 5.1). While more than two populations can be identified based on abundances in some clusters, we focus on simplifying the term to refer to all stars that satisfy the above criteria, as second/first generation/population stars for easier discussion. On the other hand most metal-rich clusters ([Fe/H]> −1) are enriched in Al ([Al/Fe]>0.3 dex), but appear to host only a single population of stars, so they are chemically enriched but any possible SG stars have the same [Al/Fe] content as FG stars within our errors (see Section 7.3 for more discussion). We treat these clusters as having one FG star Note. -Average metallicities, reddenings, tidal radii and coordinates were taken from Harris 1996 Harris (2010 . Radial and dispersion velocities are from Baumgardt & Hilker (2018) . Proper motions were taken from Baumgardt et al. (2019) . a The number of all stars in our sample. b The number of stars with S/N>70. 
RGB 4202 -0.07 -1.982 0.088 · · · 0 · · · 0 0.834 2M13123506+1814286 M53 RGB 4639 1.02 -1.894 0.124 · · · 0 · · · 0 · · · 2M13123617+1807320 M53 RGB 4514 0.74 -1.841 0.083 · · · 0 · · · 0 · · · 2M13123617+1827323 M53 RGB 4652 1.05 -1.928 0.119 · · · 0 · · · 0 · · · Note. -This table is available in its entirety in machine-readable form in the online journal. A portion is shown here, with reduced number of columns, for guidance regarding its form and content. Star identification from Carretta et al. (2009b) was added in the last column. a The number of lines used in the abundances analysis from BACCHUS (Masseron et al. 2016) . · · · · · · · · · · · · NGC 6656 M22 0.662 -0.100 0.248 · · · 0.692 0.111 · · · · · · · · · · · · NGC 6715 M54 · · · -0.072 · · · · · · 0.629 0.025 · · · · · · · · · · · · NGC 6752 0. · · · -0.009 · · · · · · 0.615 0.044 0.699 0.224 1.785 0.087
Note. -This table lists statistics for 31 GCs remaining after our refining procedure described in Section 2 and 3.1. Scatter is defined as the standard deviation around the mean. Masses are taken from Baumgardt & Hilker (2018) , and we use the ages compiled by Krause et al. (2016 Stetson et al. (2019) . AGB/HB stars are denoted by red dots, the RGB stars are by blue dots. Table 1 lists the globular clusters observed by APOGEE-2, along with the main parameters from the Harris catalog (Harris 1996 (Harris 2010 , Gaia DR2 (Baumgardt et al. 2019 ) and from (Baumgardt & Hilker 2018) . A more detailed description of the general target selection of APOGEE and APOGEE-2 can be found in Zasowski et al. (2013) and Zasowski et al. (2017) , respectively.
Our target selection follows that of Mészáros et al. (2015) and Masseron et al. (2019) . We select stars based on their radial velocity first, their distance from cluster center second, and their metallicity third. In radial velocity, we required stars to be within three times the velocity dispersion of the mean cluster velocity, and in distance we required stars to be within the tidal radius. The metallicity cut was usually set to ±0.5 dex around the cluster average, except for clusters with suspected intrinsic Fe spread for which the metallicity cut was skipped, or only obvious field stars were deleted (for example stars with solar-like metallicity in otherwise metal-poor clusters). For this paper we made important updates by selecting the average cluster radial velocity and its scatter from Gaia DR2 (Baumgardt & Hilker 2018) rather than from Harris 1996 Harris (2010 . In addition, we introduced a fourth step that is based upon selecting stars that have proper motion within a 1.5−2.5 mas yr −1 range (depending on the cluster) around the cluster average proper motion from the Gaia DR2 catalog (Gaia Collaboration et al. 2018 ).
These two improvements were not adopted by Masseron et al. (2019) , but now we refine the list of stars presented in that study. While the selected members of those 10 northern clusters have only changed slightly, because some stars were added or deleted, we did not rederive atmospheric parameters and abundances for stars that remained members, as our analysis method has not changed. It is important to note that only a couple of stars have been deleted from these GCs, and the main science results and conclusions presented in Masseron et al. (2019) remain the same. However, all figures, including data for those 10 clusters have been updated for this paper.
The individual atmospheric parameters and the derived abundances are listed in Table 2 , while the abundance averages and RMS scatters for each cluster are presented in Table 3 . Table 2 contains results for all stars and clusters that were analysed, altogether 3382 stars in 44 clusters. However, we do not discuss all clusters and stars. We make a quality selection according to the following criteria. High S/N spectra are essential to determine abundances from atomic and molecular features. Most of the tests done by the APOGEE team concluded that abundances become reliable around S/N=70−100, however, objects with poorer S/N have also been analyzed and included in Table 2 . The spectra have been processed by the APOGEE data processing pipeline (Nidever et al. 2015) . Another criterion was that a cluster has to have at least 5 members with S/N>70 to qualify for further analysis. The following clusters did not meet this criterion: NGC 4147, NGC 5634, NGC 6316, NGC 6528, NGC 6539, NGC 6760, Pal 6 and Terzan 12. While we do not use these clusters in our analysis, their abundances and atmospheric parameters were derived and listed in Table 2 for reference. The remaining 36 clusters were further refined based on their reddening values as described in the next section. Table 3 contains the clusters remaining after our refining procedure.
ATMOSPHERIC PARAMETERS AND ABUNDANCES

BACCHUS description
Since the method of deriving atmospheric parameters and abundances is identical to that of Masseron et al. (2019) , we only give a short overview of it in this paper. We use the Brussels Automatic Code for Characterizing High accUracy Spectra (BACCHUS) (Masseron et al. 2016) to determine the metallicity and abundances, but not effective temperatures and surface gravities. Microturbulent velocities were computed from the surface gravities using the following equation: v micro = 2.488 − 0.8665 · log g + 0.1567 · log g · log g
This relation was originally determined from the Gaia-ESO survey by cancelling the trend of abundances against equivalent widths of selected Fe I lines (Masseron et al. 2019 ). The validity of this relation in the H-band was checked by (Masseron et al. 2019 Mészáros et al. 2015; Jönsson et al. 2018; Masseron et al. 2019; Nataf et al. 2019; Nidever et al. 2019) , these were computed from 2MASS colors using the equations from González Hernández & Bonifacio (2009) . Surface gravities were derived from isochrones (Bertelli et al. 2008 (Bertelli et al. , 2009 Marigo et al. 2017) by taking into account their evolutionary state. The log g was determined by taking the photometric effective temperature and reading the log g, by interpolating through surface gravities, corresponding to that effective temperature from the isochrone. AGB and RGB stars were selected by combining our list of stars with the ground-based photometric catalog compiled by Stetson et al. (2019) for 22 clusters in common with our sample. Our selection was based on the star's position on the V−(B−V) colormagnitude diagram (see e.g., García-Hernández et al. 2015) shown in Figure 1 . For clusters not listed in the Stetson catalog we assumed all stars to be on the RGB. For further information on our abundance determination methods, comparisons to ASPCAP, and their accuracy and precision (generally below 0.1 dex) we refer the reader to Section 3 of Masseron et al. (2019) . The absorption lines selected for abundance determination are the same as used by Masseron et al. (2019) . Random errors were derived from the line-by-line abundance dispersion.
The use of photometric temperatures introduces its own set of problems mostly related to high E(B−V) values. The González Hernández & Bonifacio (2009) relations are very sensitive to small changes in E(B−V), which is very important in high reddening clusters that may in addition suffer from significant differential reddening inside the cluster. For this reason the list of clusters was further limited by removing clusters with E(B−V)>0.4 according to the Harris catalog. Our metallicities derived from highly reddened spectra are also significantly larger than what the optical studies have found making us believe that either reddening and/or photometric temperatures are not reliable when E(B−V)>0.4. This issue is explored in more detail in Section 4.1. The following five clusters have at least 5 members with S/N>70, but have E(B−V)>0.4: NGC 6441, NGC 6522, NGC 6544, NGC 6553 and Terzan 5. The final sample after the S/N and reddening cuts includes 2283 stars in 31 clusters, and we use this sample to study statistics of Mg-Al and N-C anticorrelations throughout the paper. Previous homogeneous surveys are listed in Table 4 for easy comparison.
While Table 2 lists all abundances we were able to measure regardless of S/N, we introduced the previously mentioned S/N>70 cut in all figures and statistics. Upper limits are also listed in Table 2 , but not plotted in any of the figures, or included when calculating cluster averages and scatters, because we made the decision to study the behavior of anti-correlations based on only real measurements. We implemented a maximum temperature cut of 4600 K for CNO and K, because for higher temperatures the molecular (atomic in case of K) lines become too weak, rendering abundances of these elements unreliable. We use 5500 K for the rest of the elements as maximum temperature above which errors start to significantly increase. Stars plotted in all figures in Sections 4 to 8 have elemental abundances with internal errors smaller than 0.2 dex to reduce contamination from highly unreliable measurements. Stars with abundances outside these parameter regions are published in Table 2 , but we caution the reader to carefully examine these values before drawing scientific conclusions. These limitations were set in place when calculating abundance averages and scatter for all clusters and are listed in Table 5. The error in the mean [Fe/H] is smaller than the dot used to represent the data in all figures, thus errorbars were not plotted in any of the figures. For the abundance−abundance plots we only highlighted the average error of each abundance for simplicity, but Table 2 lists all individual errors. Top panel:
Comparisons of our T eff scale from González Hernández & Bonifacio (2009 ) with Carretta et al. (2009a , who used Alonso et al. (1999 Alonso et al. ( , 2001 . Bottom panel: Comparisons of our surface gravities with the same source.
Comparisons of T eff and log g Values with the
Literature We limit our discussion of comparisons of T eff and log g with literature to that of Carretta et al. (2009a,b,c) , since that is the literature source we have the most stars in common with, 514 altogether, out of the list of papers in Table 4 . Star identification from Carretta et al. Mészáros et al. (2015) 428 10 Note. -Clusters with less than 5 observed members were excluded from the statistics. a The main element pairs used to study multiple populations. b ESO/VLT: Very Large Telescope at the European Southern Observatory, APO: Apache Point Observatory, LCO: Las Campanas Observatory.
Table 5
Selected Parameter Cuts for Analysis
Note. -A S/N>70 cut is also applied. All averages and scatter values were computed using stars that satisfy these conditions including the figures shown in the paper.
(2009b) was added to Table 2 for easy comparison.
The difference between our parameters and those of Carretta et al. (2009a,b,c) can be seen in Figure 2 . The systematic offset seen between the two temperatures are the characteristics of the photometric temperature conversions (and differences in colors used to calculate the temperature) of González Hernández & Bonifacio (2009) and Alonso et al. (1999 Alonso et al. ( , 2001 , which was used by Carretta et al. (2009a,b,c) . The temperature difference is generally between ±300 K, but it increases with increasing temperature.
Similar structure can be seen when comparing surface gravities, because the temperature and log g have a simple linear correlation on the RGB, so any systematic difference seen in the temperature scale will propagate to log g. These discrepancies may also propegate to metallicity, further discussed in Section 4.1, and/or individual abundances, which is expected when temperature scales differ from one another.
Comparisons of APO and LCO Observations
As mentioned at the end of the introduction, APOGEE-2 uses two spectrographs identical in design at two observatories, APO and LCO to map all parts of the Milky Way. The identical design makes it possible to directly derive atmospheric parameters and abundances that are believed to be on the same scale by observing the same stars from both observatories. The observing strategy is carefully planned (Zasowski et al. 2017 ) to observe stars with both telescopes that cover the full parameter range ASPCAP operates in so that any differences between the final results can be carefully studied and calibrated if necessary. In terms of globular clusters, there is only one that has been observed with both the northern and southern telescopes: M12, which limits our comparisons to a small range in metallicity. Average difference: 0.064dex
Average difference: -0.009dex
Same solar reference. both telescopes and then averaged together over all the stars. The differences between the two sets of observations range between 0.001 dex for [Mg/Fe] to 0.099 dex for [C/Fe], all of which can be considered as a very good agreement. The discrepancy for C, N and O are generally larger than for the rest of elements, which is understandable considering that it is more difficult to fit these molecular lines than simple unblended atomic absorption lines. All the differences are on par or smaller than the average error in M12, and thus we conclude that observations from APO and LCO can be directly compared to each other without worrying about any possible large systematic errors. While this test is limited to a unique metallicity ([Fe/H]=−1.2), similar tests on much lager samples of APO-LCO overlapping stars have been done on the ASPCAP-analysis of the DR16 data, suggesting that the data from APO and LCO indeed are of similar quality and yield very similar stellar parameters and abundances (Jönsson et al. in prep.) .
THE FE SCALE
The amount of iron observed in GCs allows the investigation of the history of stars and intra-cluster medium from which the GCs have formed, because Fe is mostly the result of core-collapse supernovae of high and intermediate mass stars. Additionally, Fe is traditionally used as the tracer of metallicity -the overall abundance of metals in a star. Abundances of iron from homogeneous high-resolution spectroscopic studies are also used to calibrate low-resolution spectroscopic and photometric indices. Setting a true and absolute Fe scale is, thus, one of the most important goals of high-resolution abundance analysis.
Comparisons with Literature
We compare our metallicity scale with those of the Harris catalog, Carretta et al. (2009c) and Gaia-ESO (Pancino et al. 2017 ). The Harris catalog is a compilation of various literature sources and all our clusters were selected from it. The largest homogeneous study of iron abundances from high-resolution spectra was previously carried out by Carretta et al. (2009c) , 17 of their clusters are in common with our sample, and we have 7 clusters that were also observed by Gaia-ESO. We show the four different iron scales on the top left panel of Figure 4 . We find that the [Fe/H] metallicities we derive are on average 0.162 dex higher than those from the Harris catalog, 0.154 dex higher than Carretta et al. (2009c) , 0.064 dex higher than Pancino et al. (2017) .
These metallicity differences of GCs have been present in the APOGEE data since the very first data release (Mészáros et al. 2013 ) and remained in place in all subsequent data releases (Holtzman et al. 2015 Jönsson et al. 2018 ). This was verified by Mészáros et al. (2015) and by Masseron et al. (2019) using the APOGEE line list, but effective temperatures and surface gravities independent of ASPCAP. Interestingly, Pancino et al. (2017) have also found a similar, although slightly smaller, 0.08 dex higher metallicities than Carretta et al. (2009c) in the 7 clusters in common with our sample. This latter study was carried out by the Gaia-ESO survey, completely independent of APOGEE observations and using optical spectra instead of the H-band. We speculate that the nature of these discrepancies between the three different studies can be attributed to three main factors: 1. Most of the differences can be explained by the choice of the reference solar abundance table. Carretta et al. (2009c) and some of the compilation found in the Harris catalog used the Fe reference value of A(Fe) ⊙ =7.54 derived by Gratton et al. (2003) , while Pancino et al. (2017) and APOGEE use 7.45 from Grevesse et al. (2007) . The difference of 0.081 dex between Pancino et al. (2017) and Carretta et al. (2009c) is on the level of the change coming from the different solar Fe references. After applying a correction to account for the different solar reference values, the Pancino et al. (2017) results become almost identical (difference is −0.009 dex on average) to the Carretta et al. (2009c) results (bottom right panel in Figure 4 ). An important aspect of the Pancino et al. (2017) study is that it used spectroscopic temperatures directly derived from the VLT spectra, while Carretta et al. (2009c) used the Alonso et al. (1999 Alonso et al. ( , 2001 conversions. The difference between our study and that of Carretta et al. (2009c) reduces to 0.064 dex on average, with a dispersion of 0.073 dex, which is not too different from the statistical uncertainties given by Carretta et al. (2009c) .
2. A separate comparison to Carretta et al. (2009c) is shown on the upper right panel of Figure 4 after both metallicities are converted to the same scale by subtracting 0.09 dex from Carretta et al. (2009c) . A slight correlation can be seen between these two ho-mogeneous studies that is dependent on the E(B−V) value of each cluster. For most of the clusters with E(B−V)>0.2 (NGC 2808, NGC 3201, M10, and M71), we find higher metallicities than for clusters with low reddening, which are still slightly more metal-rich than Carretta et al. (2009c) . While one cluster with high reddening, M4, have an average metallicity closer to that of Carretta et al. (2009c) after the correction, we believe that either the photometric calibration does not work at high reddening, the reddening of these clusters is not correct, or this is the result of a systematic difference in the temperature scales of González Hernández & Bonifacio (2009) and that of Alonso et al. (1999 Alonso et al. ( , 2001 , or a combination of any of these. Generally, these photometric temperature conversions are very sensitive to the reddening, so a small error in the E(B−V) can lead to a large change in temperature, perhaps pushing M4 closer to Carretta et al. (2009c) . Also, considering that small errors of E(B−V) may result in large errors in temperature, and high reddening clusters may have significant differential reddening, we exclude the five clusters with E(B−V)>0.4 listed in Section 3.1 from our study.
3. An important source of systematic error can be seen in the bottom left panel of Figure 4 , when comparing our metallicities with those of Pancino et al. (2017) . This discrepancy is similar to what can be seen in the top right panel when comparing the low-reddening clusters with Carretta et al. (2009c) . In this case, all the clusters in common have low reddenings, thus errors from the wrong estimate of E(B−V), or a possible error of the González Hernández & Bonifacio (2009) conversion at high reddenings is minimal. This offset could also be due to how differences in spectroscopic temperature from Gaia-ESO and photometric ones from González Hernández & Bonifacio (2009) affect the metallicities. Another possibility is that this 0.064 dex constant offset is the result of NLTE and/or 3D effects which are currently not modeled when fitting the APOGEE (Masseron et al. 2019) or the Gaia-ESO spectra.
While our sample is larger than that of Carretta et al. (2009c) and it naturally gives the opportunity to update the iron scale, the choice to do so is tainted by the fact that three independent survey analysis only agree within roughly ±0.1 dex across the clusters in common.
Also, different photometric temperatures from González Hernández & Bonifacio (2009) and from Alonso et al. (1999 Alonso et al. ( , 2001 might also introduce a systematic offset when the reddening is too high, possibly both affecting Carretta et al. (2009c) and the results presented in this paper. On top of this, we suspect that a combination of NLTE and 3D effects introduce another systematic offset compared to optical studies. As of writing this paper, NLTE/3D corrections of iron lines are not available for the H-band, and any future study using APOGEE data when updating the cosmic iron scale from that of Carretta et al. (2009c) must account for NLTE (and/or 3D) effects of iron lines, which may be as high as 0.06 dex (Masseron et al. 2019) . For these reasons we estimate that the current absolute accuracy of the iron scale is roughly ±0.1 dex based on these three independent studies. Overall, we conclude that after the correction for different solar Fe abundances, our values are still 0.064 dex higher on average than the optical Carretta scale.
Intrinsic iron spread in clusters
We defined the RMS scatter (R X , where X is the particular element) of each element or sum of elements as the standard deviation around the mean value in each cluster using the restrictions listed in Table 5 . Detection of an intrinsic Fe abundance spread requires an accurate knowledge of the abundance measurement error within the sample. The rms and cluster average iron errors are listed in Table 3 . The errors are underestimated when [Fe/H]<-1.6, and overestimated for most of the more metal-rich clusters, which is probably the result of over and underestimating the effect of some sources of error, like dependence on effective temperature, S/N etc. There are two obvious outliers when comparing errors to the internal spread: ω Cen and NGC 6229. ω Cen is well known to host multiple populations with an Fe spread (Johnson & Pilachowski 2010; Gratton et al. 2011 ). We believe that our errors on the metallicity for NGC 6229 are significantly underestimated because the spread of Fe is 0.128 dex, while the error is 0.038 dex, the lowest in our sample.
The RMS scatter in relation to the cluster age can be seen in the bottom left panel of Figure 5 . We use a recent compilation of ages by Krause et al. (2016) , which omits ω Cen from its sample. Alternatively one can use the ages from Marín-Franch et al. (2009) , but results presented in this paper are not affected by the difference between these two ages. Table 6 contains the statistics of correlations between metallicity and cluster parameters. The age-metallicity relationship shown in Figure 5 is very similar to those of Marín-Franch et al. (2009) and Krause et al. (2016) . We refer the reader to these papers to provide a detailed discussion on this topic.
The measured RMS as a function of the main cluster parameters, mass, absolute visual magnitude can be seen in Figure 5 . Carretta et al. (2009c) has reported that the iron spread is correlated with absolute visual magnitude and mass. From Figure 5 we are not able to confirm this; we find that the spread of Fe does not depend on either the mass, absolute visual magnitude or the age of the clusters (see Table 6 for statistical analysis). The lack of confirmation of the correlation may be due to our errors being slightly larger than that of Carretta et al. (2009c) , although we believe our precision should be high enough to confirm such a correlation if it existed.
The iron spread in most clusters spans from 0.040 dex to 0.129 dex, with the exception of one cluster with 0.205 dex: ω Cen. Not counting ω Cen, the average spread of iron in 30 clusters is 0.096 dex. The true intrinsic iron spread can be computed by subtracting the effect of random error of the average value in quadrature from the measured cluster Fe RMS. As mentioned before, our estimated errors can technically be somewhat smaller or larger than the measured scatter, here, the average level of the error is assumed to be equal to the scatter for simplicity. With this simplification the true real iron spread is around 0.068 dex on average across 30 clusters. Carretta et al. (2009c) reported an average iron spread value of 0.048 dex based on 19 GCs, and our value is 0.065 dex for the 17 clusters in common with that sample. Our study is lower resolution than Carretta et al. (2009c) , which is the most likely source of our slightly higher internal errors.
While it is widely known that ω Cen has a significant spread in iron that is of astrophysical origin, e.g. (Johnson & Pilachowski 2010) , other clusters have been reported to have a significant spread, but this does not appear in our measurements. From the overview of Da Costa (2016) these clusters are: NGC 1851, ω Cen, NGC 362, NGC 5286, NGC 5824, M19, M22, M54, M75 and M2. Our data set includes five of those clusters. The iron spread in M22, M2, NGC 362, and NGC 1851 has been debated later, in particular because they can be introduced artificially by how atmospheric parameters were derived for those studies (Mucciarelli et al. 2015b; Lardo et al. 2016) . In ω Cen, which has a wide metallicity distribution, we find an Fe scatter of 0.2 dex, clearly above our errors. M2 has a range in metallicity Lardo et al. 2016) , with a highmetallicity population at [Fe/H]∼ −1.0 that comprises only 1% of the cluster. Our measured Fe scatter in M2 is 0.06 dex, which is consistent with having observed entirely stars from the dominant population. All four of these clusters (M22, M2, NGC 362, NGC 1851) show Fe spreads expected from our internal errors (see Table 3 for individual values), and while our measurements do not disagree with the literature, we cannot make strong statements about the intrinsic Fe scatter in these four clusters. APOGEE observed only 7 stars with S/N>70 in M54, a sample not large enough to confirm or deny the broad metallicity distribution reported by Carretta et al. (2010a) . Terzan 5 was also reported to have a multimodal metallicity distribution (Massari et al. 2014) , but this cluster was excluded from our analysis due to large uncertainties in T eff coming from its very high reddening.
5. MULTIPLE POPULATIONS BASED ON AL AND MG 5.1. The Al-Mg anti-correlation It has been shown by several groups (e.g., Carretta et al. 2009a,b; Gratton et al. 2012 ) that variations in C, N, O, and Na can be seen in all observed GCs, but this is not the case for Al and Mg. The Mg-Al cycle needs large temperatures (>70 million Kelvin) to operate, temperatures that only the core of low metallicity polluters are capable of reaching. This is reinforced by the observation that some metal-rich clusters can be described by one single [Al/Fe] value, while in others the variation in the Al content spans a large range, as first reported by Shetrone (1996) . We are able to discuss the dependence of the shape of Al-Mg on cluster parameters in more detail than it was possible before due to the increased number of observed clusters with a sufficient number of stars.
In this paper we discuss the largest sample of the Al-Mg anti-correlation and Al-Si correlation to date in 31 clusters, plotted in Figures 6, 7 , and 8, in which the clusters are ordered by decreasing metallicity. An anticorrelation between Al and Mg is weakly present in most clusters, with a typical Mg range is 0.2 < [Mg/Fe] < 0.6 dex, much smaller than that of Al. RGB and AGB stars do not appear to follow different paths, or group separately in any of the abundance-abundance figures presented in the paper. There are three clusters shown here that have had no Al-Mg anti-correlation investigated before: NGC 6229, M54 and Pal 5. While we have only five members in each of the three clusters that make our parameter cuts, it is enough to observe elevated Al abundances showing the signs of the Mg-Al cycle. It is clear that the extended distribution of Al, which is much larger than the typical errors of [Al/Fe] and [Mg/Fe], is present in most metal-poor clusters, and clearly shows the past presence of the Mg-Al cycle. Mészáros et al. (2015) used an extreme-deconvolution method to identify population groups based on Mg, Al, Ca, and Si abundances. They found that it was Al abundances that drive the separation between stars, and northern clusters (except M107 and M71) presented in that paper could be divided into only two populations corresponding to first and second generation stars. Because an initial separation of FG and SG stars can be simply done by setting the [Al/Fe] limit at around 0.3 dex, we opted against doing a detailed population analysis again based on the same method, and instead use density maps and histograms of Al to explore MPs in all clusters. This is further motivated by the fact that most of the clusters show bimodal or continuous distributions in Al, in the latter selecting groups will always be difficult. While it is certainly possible that more than two populations are present in all of these clusters, their effect in the distribution of Al can be blurred out by any bias in target selection, and/or any measurement error we have, even if those are smaller than 0.1 dex in most cases. We set a limit of [Al/Fe]=0.3 dex to act as a guide to quickly and easily separate FG and SG stars. This limit is drawn in both Instead of coloring the Al-Mg and Al-Si plane according to population, we color them by their respective density calculated in a ±0.05 dex range around each star. While this coloring method does not provide significant information if the number of stars in a cluster is small (NGC 5466, M54, Pal 5, NGC 6229, NGC 6388), our sample is large enough in most clusters to use this as a tool of analyzing multiple populations in GCs instead of the previously mentioned extreme-deconvolution method. This is further motivated by the findings of Carretta et al. (2012) in NGC 6752 for which multiple populations manifested themselves in the enhancement and depletion around discrete abundance values in an otherwise rather continuous distribution. In clusters that are considered to have one population with enriched [Al/Fe] values, or where the scatter of Al is smaller than 0.2 dex, the density profile also shows that most stars are concentrated around a single value of [Al/Fe]. These are the metal-rich clusters M4, M107, 47 Tuc, and M71.
On the other hand, clusters with scatter of Al larger than 0.4 dex have vastly different density profiles even compared to each other. In some GCs the FG stars are concentrated around one single value of Al, like in ω Cen, NGC 6752, M3, M10, M5, NGC 3201, NGC 2808, and perhaps M68. Other GCs with extended Al distribution do not show this behavior so clearly: M15, M92, M79, M2, M13, M55, and M53. The reason behind this varies from cluster to cluster. In M15 and M92, the [Mg/Fe] distribution of the FG stars is more sparse than in the more metal-rich clusters smoothing out any obvious density peaks. M79 and M2 may have too few stars observed in them to make a definite conclusion. M13 has a clear continuous distribution of Al abundances with no density peak in its FG stars, while M55 and M53 show only a small density peak below [Al/Fe]<0.3 dex. It appears that there is no clear correlation between the cluster metallicity, or the shape of the Al distribution and the existence of a density peak inside the FG stars.
The histogram of Al can corroborate the findings from the density maps by integrating any spreads coming from Mg and Si together. This histogram is plotted in Figure 9 using δ[Al/Fe]=0.1 dex bins for clusters with significant number of stars observed. The histogram is normalized in each panel to the total number of stars in each cluster. While the density plots give more detail, the advantage of the histogram is that it can give a more complete picture if we have reliable [Al/Fe] abundances, but Mg or Si measurements are missing, like in NGC 3201 in which several Al rich stars do not have measurements of [Mg/Fe] or [Si/Fe]. When analyzing the number of populations in each cluster we use the density maps in Figures 6 and 7 and the histogram in Figure 9 in a complementary fashion. Table 7 summarizes how many populations were identified in each cluster based on these methods and provides a short description of the Al distribution.
Both Carretta et al. (2009a) and Mészáros et al. (2015) have reported observing bimodal and continuous distributions of Al. Our extended sample of stars and clusters paint a more complex picture on the distribution of Al by smoothing out the differences between bimodality and continuousness. For example, Mészáros et al. (2015) observed a clear bimodality in M3 and M53, but the distribution in the current (larger) sample is more continuous. On the other hand, M53 is still clearly bimodal. The classical bimodality/continuous distinction is further complicated by the fact that there are several clusters with continuous distribution of Al, but with well defined Al-Mg density peaks: ω Cen, NGC 6752, and perhaps M13. Another interesting observation in both bimodal and continuous clusters is the existence of a gap with no or very few stars between [Al/Fe]=0.1 dex and 0.3 dex. The following clusters meet this criterion: M10, M3, NGC 6752, M55, NGC 6397, M53, M68, M92. NGC 6752 is particularly interesting, because it exhibits multiple of these properties, it has an extended and continuous SG distribution with four density peaks that is separated from the FG stars by an 0.2 dex wide almost empty gap. This also confirms and adds one more population to the results by Carretta et al. (2012) , who has found three populations using [Al/Fe] in an otherwise continuous Al distribution. Based on these observations it is clear that it is hard to generalize MPs from the properties of Al-Mg, and in reality every cluster has its own specific pattern of MPs showing a high degree of variety.
The presence of Si-Mg anti-correlation
Weak Si-Mg anti-correlations were observed in a small number of massive and metal-poor GCs before: NGC 6752 (Yong et al. 2005) , NGC 2808, and M15 (Carretta et al. 2009a ).
This implies leakage from the MgAl chain into Si production through the 26 Al(p,γ 27 Si(e-,ν) 27 Al(p,γ) 28 Si reactions at high temperature. Without this leakage, we would expect a simple correlation between Mg and Si since they are both alpha elements.
From Figure 8 we are able to confirm the Si-Mg anticorrelation observed in NGC 2808 by Carretta et al. (2009a) , but the case of NGC 6752 (as observed by Yong et al. (2005) ) is less convincing. Although some stars seem to have lower Mg abundances, [Mg/Fe]<0.2, than where the most part of the cluster lies at [Mg/Fe]>0.3, these stars do not show larger Si abundances than their Mg rich counterparts. Thus, our data do not confirm the occurrence of hot proton burning in the early populations of NGC 6752.
An Al-Si correlation in M15 and M92 was also observed by Mészáros et al. (2015) , but it was Masseron et al. (2019) who has discovered more stars in M15 and M92 that show an extreme Mg depletion with some Si enhancement while at the same time Al depleted relative to the most Al rich stars in these clusters, displaying an unexpected turnover in the Mg-Al diagram.
In this paper we present the same type of behavior of the Al-Mg anti-correlation in ω Cen shown in comparison with M15 and M92 in Figure 6 . It can be clearly seen that the most extreme Mg-poor stars in ω Cen have lower Al content than what is expected from the traditional shape of the Al-Mg anti-correlation, while they are also the most Si rich stars in the cluster. The Si-Mg anticorrelation is clear in all of these three clusters (Figure 8 ). Masseron et al. (2019) explained the shape of Al-Mg by suggesting that Al has been partially depleted in their progenitors by very hot proton-capture nucleosynthetic processes occurring above 80 MK temperatures. While M15 and M92 are two of the most metal-poor clusters, ω Cen is significantly more metal-rich, showing that the observation of the turnover of the Al-Mg diagram at different metallicities may be the result of multiple mechanisms. Because this paper focuses on the overall characteristics of globular clusters, the detailed discussion of ω Cen is out the scope of this study. We will present the detailed analysis of ω Cen in the third part of our series. 
The presence of K-Mg anti-correlations?
Stars showing a large range of K abundances were first discovered by Mucciarelli et al. (2012) in NGC 2419. Later, Mucciarelli et al. (2015a) observed a large K enhancements in four stars with very low Mg abundances in NGC 2808. The enhancement of K is currently not understood. Ventura et al. (2012) attempted to explain the origin of a Mg-K anti-correlation by suggesting that this population might have directly formed from super-AGB ejecta. NGC 2419 is not in our sample so we can only examine the existence of K rich stars in NGC 2808, as shown in Figure 10 . Our confirmation is based on two stars with very low, [Mg/Fe]<0.0 dex, Mg abundances that are slightly enhanced in K compared to the more Mg rich, mostly FG stars.
Interestingly, ω Cen contains seven stars with [Mg/Fe]<0.0 dex, previously discussed in Section 5.2, that are also slightly enriched in K compared to the classical FG stars, drawing a weak anti-correlation between K and Mg in Figure 10 . However, the two K lines found in the H-band are fairly weak at low metallicities and high temperatures (they are also often blended), thus it is necessary to implement a strict cut on these two parameters (Table 5) to cut out upper limits, even when BACCHUS reports real detection. Considering these issues, our conclusion is that the discovery of K enhancement of the Mg-poor stars in ω Cen cannot be convincingly claimed from our spectra, the anti-correlation is weak and we need independent confirmation from optical spectra before the extent of the enhancement can be reliably discussed.
There is another cluster in our sample, M79, which shows a weak K-Mg anti-correlation shown in Figure 10 , although the extent of the Mg abundances in the M79 are on the level of the reported uncertainties. In such a case the observed anti-correlation is more likely the result of correlated errors, and not of an astrophysical origin.
The weak correlation between Mg and K observed in NGC 1851, NGC 362 and 47 Tuc exists because there are 2-3 outlier stars with very high or very low [K/Fe] abundances in each of these clusters, which are most likely bad abundance determinations.
The ratio of FG and SG
The discussion of the ratio of SG vs. FG stars is generally difficult because there needs to be a significant number of stars observed in each cluster. For this reason we limit our discussion to clusters that have at least 20 stars observed. As in photometric studies such as Milone et al. (2017) , we use the definition f enriched = N SG /N tot to examine the extent of enrichment. The computed f enriched ratios can be found in Table 3 . When calculating the number of FG and SG stars we used the limit of [Al/Fe]=0.3 to separate FG and SG stars. However, error bars were computed by varying the limit from 0.25 to 0.35 dex and the ratio recalculated. The f enriched ratio is plotted against the cluster properties in Figure 11 . The resulting error bars are generally small and do not affect any conclusion on how the ratio depends on cluster parameters.
We listed the statistics of the f enriched correlation with cluster properties in Table 6 . A very weak, statistically barely significant with p=0.0541, linear correlation was found against metallicity, in which more metal-poor clusters exhibit more SG stars than FG stars. Considering that the ratio can be improved by observing more stars, this correlation may move closer to or farther from statistically significant, but in this paper we do not explicitly conclude that this correlation exists. The correlation is similar to what Bastian & Lardo (2015) have found using spectroscopic results collected from the literature, which has been confirmed by Milone et al. (2017) with the HST Legacy Survey (Soto et al. 2017; Piotto et al. 2015) . The only clear and statistically significant correlation (p=0.0048) is with cluster age, with the younger clusters exhibiting lower f enriched than the older ones.
In terms of absolute values of f enriched we have a good agreement with Milone et al. (2017) as both studies measured f enriched between 0.4 and 0.8 for most clusters. However, a correlation with mass and absolute visual magnitude is non-existent in our data, which is in sharp contrast with what Milone et al. (2017) observed. They observed that more massive clusters have more SG stars than less massive ones. Our study is biased towards the outer cluster regions, because the fiber-collision radius does not allow the APOGEE instrument to properly sample the inner regions. The HST data samples the inner 2 arcminutes of the clusters, thus there are very few stars which overlap between APOGEE and HST observations (Mészáros et al. 2018) . The significant difference between our correlations with f enriched and that of Milone et al. (2017) may arise from cluster properties which depend on distance from the cluster core.
THE SPREAD OF AL ABUNDANCES
In order to properly discuss the Al scatter as a function of cluster parameters, we need to distinguish between clusters that form in situ with the Milky Way and those that were accreted by the Milky Way. In the most recent models, the haloes of galaxies similar to the Milky Way are believed to be formed from the accretion of smaller galaxies (Bullock & Johnston 2005; Abadi et al. 2006; Font et al. 2006 ). These small dwarf galaxies are disrupted and incorporated into the larger galaxy, only very dense components like globular clusters will survive intact (Peñarrubia et al. 2009 ). The GCs that are formed from this accretion process are then added to the rest of the clusters formed in situ within the Milky Way. There have been several efforts made to identify these accreted clusters (Gaia sausage clusters, CMa and Sag clusters, Sequoia clusters), but the following are in common with our sample: NGC 1851 , NGC 1904 , NGC 2808 , NGC 362, NGC 7089 (Forbes & Bridges 2010 Myeong et al. 2018) , NGC 4590 (Forbes & Bridges 2010) , and ω Cen (Bekki & Freeman 2003) .
It is also important to take the standard chemical evolution of the Milky Way into account, which was explored by Hayes et al. (2018) using APOGEE DR13 data. This is illustrated in Figure 12 , in which we plotted the average [Al/Fe] of FG and SG stars as defined in Sections 5.1 for all clusters with at least three members in each population on top of stars observed in the Galaxy. Stars from the Milky Way were selected by applying the criteria de- fined by Hayes et al. (2018) to the DR14 data. The average [Al/Fe] of FG stars (blue dots) agree well with the Al abundances observed in the Galactic halo, denoted by dark grey points, while the average [Al/Fe] of SG stars is elevated (red dots). The slight, roughly 0.1 dex systematic offset between the average [Al/Fe] of FG stars and the [Al/Fe] of Galactic halo stars is most likely due to systematics between BACCHUS and ASPCAP, the latter used by Hayes et al. (2018) . As metallicity increases, the two averages get closer to each other. The metal-rich clusters (red open dots) that only show a single Al population with an average [Al/Fe] close to what is observed in the Galactic thick and thin disk. The fact that the average [Al/Fe] of the FG is lower at low metallicities may introduce a bias to how the scatter of Al depends on cluster parameters. This is because metal-rich clusters formed in parts of the Galaxy where more Al was present to begin with. We defined the RMS scatter of Al (R Al ) as the standard deviation around the mean value of [Al/Fe] in each cluster. Another measure that can be introduced is the difference between the maximum and minimum value of an abundance inside a cluster. This measure is less robust as it is more sensitive to any biases in target selection and less accurate when only a small number of stars are observed. As a test, we carried out the same statistical analysis of correlations by using both the scatter and the max−min of [Al/Fe] and found that the main conclusions are the same in both cases, but the relationships when using the max−min of [Al/Fe] are less defined and more noisy. For this reason we limit our discussion in Section 6 to that of R X only. Nataf et al. (2019) have reported that the extent of the Al distribution linearly depends on cluster metallicity, but all of those studies were carried out using only a handful of clusters or spanned a relatively small metallicity range, and did not take the evolution of Al in the Milky Way (Hayes et al. 2018 ) into account. Here, we are able to significantly increase the sample size to 31 clusters, and also cover a large metallicity range between [Fe/H]=−2.23 and −0.44 dex. Figure 13 shows the measure RMS scatter of Al (R Al ) as a function of cluster average metallicity. The observed distribution of Al scatter is more complex than previously found, but it is also biased because low metallicity halo stars have lower [Al/Fe] content than high metallicity disk stars (Hayes et al. 2018) .
Based on the top panel of Figure 13 there are three main groups that can be identified: However, there is a significant difference between the accreted GC NCG 2808 and other clusters. NCG 2808 has significantly higher R Al than its in situ and other accreted counterparts with similar metallicity. Other than NGC 2808, none of these clusters have any Al-O, Al-N (anti)correlations.
The average error of [Al/Fe] spans a range from 0.03 to 0.09 dex, except for M54 for which σ [Al/Fe] = 0.13, which is roughly half of the R Al measured when [Fe/H]>-1.0. Considering that the calculated R Al is the quadratic sum of the intrinsic Al spread and the error, the logical conclusion would be that these clusters do not bear the signs of past Al-Mg cycles in the progenitors. We believe this is not the case, because abundance is measured on a logarithmic scale, a larger absolute enrichment is required to see the same change in [Al/Fe] in metal-rich clusters than in metal-poor clusters. We provide more discussion on this topic in Section 7.3. It is important to note that the three accreted clusters (NGC 362, NGC 1851, NGC 2808) are the among the most metal-poor ones in this third group of otherwise metal-rich GCs, meaning they may more naturally belong to the transition metallicity zone where R Al drops suddenly. Nevertheless, accreted clusters with Al spreads close to the estimated errors are not observed. As mentioned before, this picture may be biased because metal-rich clusters have an initial composition more Al-rich than metal-poor clusters due to chemical evolution in the Galaxy seen in Figure 12 . What we want to know is how the extent of the enrichment of GC stars depends on cluster parameters if we remove the effect of Galactic chemical evolution on the FG Al abundance.
In order to compensate for the chemical enrichment and to compute the scatter of Al more objectively, we exclude all stars from the sample that have [Al/Fe]<0.3, this is shown in the bottom panel of Figure 13 . This is possible taking into account that the Al production is more sentive to the abundance of Mg available for the proton capture channel 25 M g(p, γ) 26 Al than to the initial Al abundance. After removing the bias introduced by the standard chemical evolution, the correlation of the [Fe/H]<-1.3 region remains the same and barely statistically significant, but the difference in R Al between metalrich and metal-poor clusters decreases significantly. The overall trend over the full metallicity range still shows that low metallicity clusters have higher Al scatter than the metal-rich ones.
However, there are two outliers after the correction, ω Cen and NGC 2808, that lie above other GCs at similar metallicities, showing larger Al enrichment than expected. We know that NGC 2808 and Omega Cen are among the most massive clusters and to properly discuss their behavior one has to look at the mass dependence first. Carretta et al. (2010b) used 19 GCs to look for correlations between the extent of the Na-O anti-correlation and cluster properties. The strongest relation found was with cluster mass, with higher mass clusters showing larger Na-O abundance spreads. A similar positive correlation between He spread and mass was found by Milone (2015) in which higher mass cluster exhibit larger He spreads. Looking at Al-Mg, both Carretta et al. (2009a,b) and Pancino et al. (2017) found that massive metal-poor clusters tend to have larger Al-Mg anticorrelations than their lighter counterparts. Nataf et al. (2019) used APOGEE data to show that the slope of the [Al/Fe] vs. [N/Fe] relation depends on both metallicity and mass. Without dark matter, a globular cluster's ability to gather or retain material for star formation is tied directly to its stellar mass, and so (in a two-generation scenario) one might expect higher-mass clusters to show more abundance variation, agreeing with the observations.
Mass and V ABS
The corrected and uncorrected R Al as a function of mass and absolute visual magnitude are plotted in the right panels of Figure 14 . As significant Al spread was observed only in metal-poor clusters ([Fe/H]<-1.3), we explored the correlation between mass and R Al for these metal-poor GCs separately from the metal-rich clusters. The correlation found, although moderate, is statistically significant both with mass and V ABS , with p=0.0139 and 0.0301 respectively. The appearance of correlation in both mass and V ABS is trivial to understand because more massive clusters have higher luminosities. These results confirm previous literature findings for metal-poor GCs, however, high metallicity clusters with [Fe/H]>-1.3 do not have an obvious R Al −mass correlation.
When looking at the R Al dependence on mass and V abs after the correction (bottom right panels in Figure 14) we find that the correlation appears more clearly, because the clusters are now not polluted by low Al FG stars. We therefore conclude that the extent of the enrichment of GCs stars is a function of both the cluster mass and metallicity, the correlation with mass becomes stronger when [Fe/H]< −1.3, while the correction removes most of the step from the metallicity dependence that is introduced because FG stars in low metallicity clusters have significantly lower [Al/Fe] than metal-rich clusters. This is in contrast with previous findings because the bias due to chemical evolution was not taken into account.
NGC 2808 and ω Cen are among the most massive accreted clusters in our sample. ω Cen does not exhibit larger Al enrichment than the rest of the clusters if the enrichment is plotted against the metallicity without the correction, which shows the importance of the correction. They separate more from the rest of the clusters when plotted against metallicity after the correction, because the extent of the Al enrichment in the SG stars is larger in more massive clusters. 6.3. Age R Al as a function of age (Krause et al. 2016 ) is plotted in Figure 14 . There are two distinctive groups visible in the R Al −age diagram without the correction (upper panels), one is the metal-poor group ([Fe/H]<-1.3) for which there is no correlation between R Al and age in the first three billion years, but that is only because our sample of GCs does not contain young, metal-rich clusters. The other one is the metal-rich group ([Fe/H]>-1.1) with low R Al , and all of these clusters are older than 11.5 billion years. Again there seems to be no correlation with age in this group either. The lower left panel shows the R Al −age diagram after the correction, in which the metal-poor group only has slightly larger scatter than the metal-rich ones. This is similar to what is shown in the metallicity panels.
Mg+Al+Si
The summed abundance of [(Mg+Al+Si)/Fe] is expected to be constant as a function of T eff and that is what our results show in Figure 15 . Both FG and SG stars have the same [(Mg+Al+Si)/Fe] within the errors, and there are no density peaks observed in any of the clusters. The R Mg+Al+Si is very similar, or slightly larger than the average error of [(Mg+Al+Si)/Fe], which is what needs to be observed if the Mg-Al cycle operates normally. There seems to be no difference in [(Mg+Al+Si)/Fe] between in situ and accreted clusters.
As in previous sections, we explore the statistical significance of the correlation between the cluster properties and the sum and scatter of [(Mg+Al+Si)/Fe], shown in Figure 16 . There is a very minimal trend (p=0.0767) between R Mg+Al+Si and metallicity, that is interpreted as there are no such correlations present with metallicity, mass or absolute visual magnitude, as expected. But there is a significant (p=0.0003) correlation with age. This is due to standard chemical evolution, which we confirmed by only looking at the statistics of FG stars that have halo-like chemical composition. This trend is dominated by [Mg/Fe] and [Si/Fe], which decreases as metallicity increases. This standard chemical evolution and structure of the Milky Way was recently overviewed by Hayden et al. (2015) and Weinberg et al. (2019) based on APOGEE data. Figure 19 , upper limits are omitted from the figures. Clusters with [Fe/H]< −1.8 dex are not plotted because the CO and CN lines in these stars are too weak to derive reliable abundances. The observed slopes were not corrected for deep mixing, but [C/Fe] is strongly correlated with temperature, a clear evidence of mixing occurring in every cluster. The extended variations in N and C are observed in all GCs in our sample, in accordance with the earliest optical CH, CN, and NH observations (Norris 1987) . There are several clusters in our sample that had no N-C anti-correlation published before: NGC 2808, M12, NGC 6229, M10, NGC 6388 and Pal 5, all of these exhibit clear N enhancements. Previous literature sources have reported both bimodal and continuous distributions of N abundances in GCs. Interestingly, multimodality cannot be easily identified in our data. This is because the number of stars with CN abundances is less than those with Mg and Al. There are two clusters in which bimodality can be convincingly determined: NGC 288 and M10. To a lesser extent, M5, NGC 3201 and M107 appear to have two distinctive populations based on N, but their existence is up to interpretation. All other clusters exhibit clear continuous distributions, which of course does not mean that multiple density peaks in the N-C plane, similar to that of Al-Mg, do not exist, but this can only be proved with more precise measurements of even more stars. M3 is an interesting case because it appears to have continuous N, but rather bimodal Al distribution (see Section 5.1), as reported by Mészáros et al. (2015) . A correction to the Galactic evolution of N is not necessary, because N did not go through the same chemical evolution as Al (Hayes et al. 2018) . Here, we observe a slight positive correlation (p=0.0126) with metallicity. The number of stars for which the derivation of [N/Fe] is possible quickly decreases as metallicity decreases, because more and more stars are warmer and reach our determination limit of 4600 K and are the spectroscopic features also intrinsically weaker at lower metallicity. We required clusters to have at least 3 stars with [N/Fe] values to be included in this part of the analysis. This is somewhat offset by the expected increased errors at low metallicities, thus it is hard to judge how much these two systematics affect the correlation. The correlation remains even if we exclude the two most metal-poor GCs, thus focusing on the [Fe/H]> −1.5 region, in which these two sources of error are small. R N does not appear to be correlated with either mass, V obs , nor age. Also, it seems that both in situ and accreted clusters show similar R N at the same metallicity. As previously reported in the literature (Norris 1987 ) all metal-rich GCs have extended N distributions, even the ones with no significant Al scatter. This is the case for 8 clusters in our sample: 47 Tuc, NGC 288, M4, M107, M12, NGC 6388, M71, and Pal 5. All these clusters have high metallicities, in which the Mg-Al cycle cannot start due to the polluting stars not reaching the necessary high temperatures in the stellar interiors. This can also be seen in the Al-N correlations and Al-O anticorrelations.
Al is expected to correlate with other elements produced during the proton-capture process, like Na and N, and anti-correlate with O and C. The Al-N and Al-O relationships (Figures 19 and 18 ) also help to identify whether pollution from the Mg-Al cycle occurred in the clusters with relatively low Al scatter, NGC 1851 and NGC 362. While their slightly increased R Al values, 0.25 and 0.24, respectively, suggest some Al enhancement, only the Al-N and Al-O diagram can give convincing results by showing a clear (anti-)correlation between these abundances. NGC 288 and M12, two clusters with even lower R Al values (0.18 and 0.16), that we assigned only one population to based on Al in Table 7 , also seem to exhibit some Al-N anti-correlation, but only one of them, M12 has an Al-O anti-correlation. While NGC 288 and M12 are less certain to show Al pollution, the Al-Mg anti-correlation in these four clusters will need to be studied in a larger sample to reach more conclusive results on the parameter space in which the Mg-Al cycle contributes.
N spread in Clusters with no Al spread
In Section 6 we concluded that there are five metalrich clusters in our sample that do not exhibit large Al-spread. These clusters are the following (from Table 7): 47 Tuc, M4, M107, NGC 6388 and M71. From Figures 18 and 19 we can conclude that these clusters have no clear Al-N correlation, or Al-O anti-correlations either, but clearly exhibit N-C anti-correlations (Figure 17 ) and large N spreads (Figure 20) . M71 is particularly interesting because Ramírez & Cohen (2003) have observed a weak Al-Na correlation, and Yong et al. (2006a) showed slightly non-standard isotope ratios suggesting some Mg-Al processing may have taken place. These clusters clearly have MPs based on their N abundances despite appearing to have single populations in the Al abundance. This is illustrated in Figure 21 The extent of enrichment of Al is clearly the largest at the lowest metallicities and slowly decreases as metallicity increases, while the enrichment of N increases with increasing metallicty. The enrichment of Al and N is the largest in the two massive accreted clusters, ω Cenand NGC 2808, as previously found in Sections 6.1 and 7.2. We explore two different possible explanations of this observation. The first explanation is as follows: because of the chemical evolution of Al, the FG stars in metal-rich clusters have already elevated [Al/Fe] abundances. This is not the case in the [N/Fe] dimension, since chemical evolution of N is not as steep as Al (Hayes et al. 2018) . As mentioned in Section 6.1, when the [Al/Fe] of the FG stars are elevated, significantly more Al production is needed to be observable in the logarithmic abundance scale. Because of this it is entirely possible that Al production existed in these clusters (independent from the nature of the polluters), but did not reach the observable level, because the FG stars are mixed up with SG stars in the [Al/Fe] dimension. Both Schiavon et al. (2017) and Tang et al. (2017) have observed large Al spread in NGC 6553 using ASPCAP data, which is one of the most metal-rich GCs with [Fe/H]=−0.15 dex (Tang et al. 2017) . NGC 6553 is also in our sample, but we excluded it from our analysis, because its reddening (E(B−V)=0.63) is too high to derive reliable metallicities using photometric temperatures (see Section 4.). These observations in M71 and NGC 6553 strongly supports this theory.
In the second case, the Mg-Al cycle is modest when [Fe/H]> −1 dex. If the GC polluters are massive AGB stars, we would expect a small Al production in the metal-rich clusters, because hydrogen burning in AGB stars operates at a higher temperature in lower-metallicity stars, and so one might expect highermetallicity clusters to show less variation in elements that participate in the MgAl chain. Thus, in massive metal-rich AGB stars N variations are expected without, or very little, variation in Al, meaning that N is the best generation indicator for those metal-rich clusters. Indeed, this Al production dependence with metallicity has been used before to favor the massive AGB hypothesis (Ventura et al. 2016) . This is supported by the dependence of Al on metallicity, which remains even after correcting for the standard chemical evolution discussed in Section 6.
The case of NGC 2808 is peculiar since it is a massive cluster with a large spread of Al and also has similar metallicity to these five clusters (47 Tuc, M4, M107, NGC 6388 and M71). One possible explanation is that NGC 2808 has not been formed in the Milky Way, such that Al was not high at the time of the formation and FG stars had lower Al than other clusters. At the same time other discussions regarding any pollution scenarios need detailed computations and analysis, which are far from the scope of the present investigation. 7.4. C+N+O While deep mixing affects the C-N diagrams, the C+N+O should be remain constant in each cluster as material is fully processed during the CNO cycle (Dickens et al. 1991) . This is what we observe in all clusters, plotted as a function of T eff in Figure 22 . Some slight correlations on the level of the average error can be seen in some clusters. However, these are most likely not of astrophysical origin, but the result of correlated errors between T eff and CNO abundances. As previously mentioned, as temperature rises, the CN, CO, and OH lines become weaker and harder to measure. The C+N+O cluster average is consistent with that observed in field stars at similar metallicities (Gratton et al. 2000) . By looking at Figure 23 , no correlation with metallicity, mass or V Abs can be seen. In situ clusters do not have smaller or larger [(C+N+O)/Fe] than those captured via accretion. As with [(Mg+Al+Si)/Fe], the significant correlation between age and [(C+N+O)/Fe] is the result of standard chemical evolution and is dominated by
An increase in the sum and also the scatter of CNO as a function of metallicity has been observed by Johnson & Pilachowski (2010) and by Marino et al. (2013) . The increased scatter was the result of a dependence of C+N+O on [Fe/H]. While ω Cen will be discussed in detail in the third part of our series, we can briefly report that C+N+O is indeed larger than in other clusters ([(C+N+O)/Fe]=2.07 dex). There is another cluster, M71, which has an even more elevated CNO sum, [(C+N+O)/Fe]=2.09 dex. This is significantly higher than the typical value of [(C+N+O)/Fe], that varies from 1.7 to 2.0 dex in all but three clusters. The third is M107, [(C+N+O)/Fe]=2.03 dex, but both clusters differ from ω Cen in that they are mono-metallic.
M107 and M71 are part of those five clusters that do not have significant Al spread and their chemical evolution is more like that of the thick disk than the traditional halo ( Figure 12 ). The other three clusters (47 Tuc, M4, NGC 6388) have [(C+N+O)/Fe]<1.92 dex, so the sum of C+N+O does not become elevated for all metal-rich clusters.
The scatter of C+N+O (R CNO ) shows a correlation with mass and V Abs . These are moderate correlations, with p=0.013 and p=0.0115, respectively. The average error of C+N+O spans a similar range to R CNO . Most of the correlation is the result of the increased C+N+O scatter of ω Cen, which is the most massive cluster in our sample. If ω Cen is not included in the fit, the statistical significance as a function of mass drops down dramatically to p=0.0821 erasing most of the correlation. Thus, our conclusion is that there is no clear correlation between R CNO and mass or V Abs .
OTHER ELEMENTS
8.1. Ca All clusters are expected to have uniform and constant [Ca/Fe], because Ca is not affected by H-burning process as it is mostly produced by supernovae. This is what we see in our whole sample, Ca is constant in all clusters and its scatter is on the level of errors.
The only GC with a reported Ca spread is M22 (Marino et al. 2009 ), which was later disputed by Mucciarelli et al. (2015b) explaining the Ca spread with the presence of NLTE effects, similar to that of Fe discussed in Section 4.1. M22 is in our sample, however we were able to measure [Ca/Fe] in only a handful of stars, because the S/N of the M22 observations are low and Ca lines are generally weak at low metallicities. There are only three stars in our sample that satisfy the criteria set in Section 3.1 for analysis, and those three stars span a range of [Ca/Fe]=0.35 dex to 0.5 dex, but two of those have errors of σ [Ca/Fe] =0.19 dex. This data is not sufficient to confirm or reject the findings of Marino et al. (2009) . of this cluster by low mass AGB stars. In addition, we could identify one new cluster with s-process enhancement: NGC 6760 in which all three members show enhanced Ce. Masseron et al. (2019) discussed the case of M 15 and M 92 where they observe star-to-star variations of Ce compatible with the halo scatter. Consequently, they interpret that the Ce enhancement was inherited form the initial gas composition of the clusters. However, the other clusters with some s-process enhancement are more metal-rich than M15 and M92. At such metallicities, the Ce scatter in the field is much lower and the initial composition of the cluster gas can certainly be considered as homogeneous. Therefore, the s-process enhanced stars observed in M4, NGC 362, NGC 1851 and NGC 6760 (as well as ω Cen) have probably been polluted in Ce after the clusters have formed. Nevertheless, the presence of s-process rich stars is not correlated with the Al enhancement, nor it is with the cluster metallicity or the cluster mass. Thus, we believe that the s-process enrichment has been produced by a different source than the progenitor of the Mg-Al and Na-O anti-correlations, possibly by low-mass AGBs.
SUMMARY
In this paper we investigated the Fe, Mg, Al, C, N and O abundances of 2283 red giant stars in 31 GCs from high-resolution spectra obtained by the SDSS-IV APOGEE-2 survey. We reported on the properties of MPs based on their Al-Mg, and C-N anti-correlations and also explored the dependence of the abundance spread of Fe, Al and N on cluster properties. To summarize our results, we find the following:
1. The scatter of Fe does not depend on mass, V Abs or age. The uncertainty coming from possible 3D/NLTE and reddening through photometric temperatures does not allow us to further refine the metallicity scale from the literature. By comparing three independent metallicity scales we determine that the metallicities of GCs derived from the H-band are 0.064 dex higher on average than the optical Fe scale.
2. Other than the well-known Fe spread in ω Cen, we do not observe significant Fe variations in any of the clusters from our sample even though we have the precision to do so. This includes clusters with previously reported Fe spreads: M22, NGC 1851 and M54. While in M22 and NGC 1851 we have more than enough stars to sample multiple Fe populations, in M54 we only observed 7 stars with S/N>70. We most likely have not sampled enough stars with different Fe abundances, possibly due to limitations of the APOGEE fiber collision constraints which limit sampling the inner cluster regions.
3. By using density maps of the Al-Mg anticorrelations we were able to identify multimodality in several clusters, including M79, ω Cen, and NGC 6752.
While ω Cen and NGC 6752 were previously known to host more than two populations based on Al from the literature, M79 has not been previously reported on.
4. In ω Cen, we observe a turnover in Al abundances for the most Mg-poor stars, similar to that of M15 and M92. Some of these Mg-poor stars are also slightly K enriched compared to standard FG stars drawing a weak K-Mg anti-correlation. However, the weak and blended K lines do not allow us to present a firm discovery of this K enrichment. Followup observations are needed to confirm or to contradict our findings. 5. We are able to confirm the Si-Mg anti-correlation observed in NGC 2808 by Carretta et al. (2009a) , but the case of NGC 6752, as observed by Yong et al. (2005) is less convincing in our data.
6. The ratio of the number of FG/SG stars depends on metallicity and age, but not on mass, which contradicts the findings of Milone et al. (2017) . This may be explained by a sample bias created by selecting stars from the outer regions of the clusters which affects f enriched compared to HST studies which sampled the inner 2 arcminutes of the clusters. 7. We find a complex relationship between the spread of Al and cluster average metallicity and mass. We identified three distinctive groups in Al scatter -[Fe/H] diagram: a.) clusters with [Fe/H]<-1.3 have a near constant high R Al value above 0.4 dex; b.) clusters between −1.0<[Fe/H]< −1.3 show a wide variety of Al spread; c.) the more metal-rich GCs have a small Al spread, comparable in size to the errors. This picture is changed when a correction for the chemical evolution of Al in the Milky Way is introduced. After the correction, the scatter of Al decreases and most of the large step between metalpoor and metal-rich clusters is removed, but the complex nature of the correlation with metallicity remains. The dependence of R Al with cluster mass is increased suggesting that the extent of Al enrichment as a function of mass was suppressed before the correction. 8. Metal-rich accreted clusters, NGC 2808 and ω Cen show significantly higher R Al than their counterparts formed in situ. The rest of the accreted GCs appear to have similar Al spreads to the in situ clusters. 9. The measured N-C anti-correlation is generally continuous with the exception of NGC 288 and M10, which clear bimodality. This is in contrast with previous literature observations which generally found bimodal distributions.
10. We measure constant Mg+Al+Si and C+N+O within all clusters. The sum does not depend on metallicity, mass, V Abs , but on age, which is the result of standard chemical evolution. The scatter of Mg+Al+Si increases with decreasing metallicity which is most likely the result of accumulated errors at low metallicities. The scatter of C+N+O in ω Cen is larger than in other clusters, agreeing with previous literature finds.
11. The five clusters (47 Tuc, M4, M107, NGC 6388 and M71) that have large variations in N, but Al scatter close to our uncertainties, appear to not show the signs of the Mg-Al cycle because their FG stars have elevated [Al/Fe] similar to thick disk stars. Considering that it is necessary to produce significantly more Al to reach the observational limit in the logarithmic abundance scale in metal-rich clusters than in metal-poor clusters, and the observations of Al rich stars in NGC 6553 by Schiavon et al. (2017) ; Tang et al. (2017) , we conclude that our observations of low Al scatter in these five clusters do not rule out the existence of the Mg-Al cycle.
12. ω Cen shows a clear increase of the Ce abundance as metallicity increases, confirming the early findings of
